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We report on optical transmission spectroscopy of the Cr-based frustrated triangular antiferro- 
magnets CuCr02 and a-CaCr2 04, and the spinels CdC^CU and ZnCr2 04 in the near-infrared to 
visible-light frequency range. Via the exciton-magnon sidebands of the spin-forbidden crystal-field 
transitions of the Cr 3+ ions (spin S = 3/2), it is possible to optically trace magnon excitations in the 
system and search the existence of antiferromagnetic spin correlations even far above the magnetic 
ordering temperature. For example, in CuCr02 the temperature dependence of the line width of 
exciton-magnon transitions can be associated with the density of topologically protected Z2 vortices, 
which were proposed to occur in this class of systems. In a-CaC^CU we observe magnon sidebands 
at energies corresponding to low-lying roton-like spin waves. In CdC^CU magnon sidebands are 
found to persist across the magnetic ordering transition up to the corresponding Curie- Weiss temper- 
ature, indicating that short-range helical spin correlations are present also in the classical spin-liquid 
regime between the Neel and the Curie- Weiss temperatures. In ZnC^CU only a weak fine structure 
related to the magnetic ordering in the system has been observed. 

PACS numbers: 75.30.Ds, 71.70.Ch, 78.30.-j, 78.40.-q 



I. INTRODUCTION 

An archetype of a geometrically frustrated spin ar- 
rangement are antiferromagnetically coupled Ising spins 
residing on the corners of a triangular lattice. In three 
dimensions the pyrochlore lattice which can be regarded 
as a network of corner-sharing tetrahedra is one of the 
most studied structures to explore the realm of frustra- 
tion phenomena in magnetism. 

These geometrically frustrated lattices may provide ev- 
idence for exotic ground states such as spin ice, spin liq- 
uids, or spin gels. The latter has been described as a 
topologically ordered state with finite but extended spin 
correlations and was proposed to be realized in systems 
with antiferromagnetically coupled Heisenberg spins on a 
two-dimensional (2D) triangular lattice.^ In this case the 
nearest-neighbor bilinear interaction yields a long-range 
ordered magnetic state at T = 0, where neighboring spins 
order at an angle of 120° to each otherP Moreover, the 
model exhibits a topologically stable defect described in 
terms of a 2 2 vortexP. 

A well-known class of triangular antiferromagnets is 
given by systems with chemical formula ACr02 with A 
= Cu, Ag, Pd, Li, Na. Depending on the stacking se- 
quence these compounds have either delafossite structure 
(e.g. Cu/PdCr02) or an ordered rock salt type struc- 
ture (e.g. Li/NaCr02). These systems have attracted 
enormous interest because of a large variety of magnetic 
and electronic phenomena and the occurrence of multi- 
ferroicity. For example, CuCr02 and AgCrC"2 reportedly 
exhibit spin-driven ferroelectricitj^ and the spin correla- 



tions in both rocksalt- and delafossite-type AC1O2 have 
been associated with the formation of Z2 vorticeiPH^. 

Optical studies have been re porte d in the rocksalt-type 
systems NaCr02 and LiCrOjp^. These systems ex- 
hibit exciton-magnon transitions^ in the energy region 
of the spin-forbidden 4 ^2g — > 2 ^2g crystal-field excitation 
of the Cr 3+ ions. Kojima et al. proposed that the life- 
time of the exciton-magnon lines in triangular lattice an- 
tiferromagnets is directly related to the density of Z2 
vortices in the system.^ In this work we investigated the 
delafossite-type system CuCr02 by optical spectroscopy. 
CuCr02 crystallizes in space group i?3m 14 where layers 
of the magnetic chromium ions (3d 3 , S = 3/2) are sepa- 
rated by one copper and two oxygen layers [see Fig. [l|a) 
and (d)]. Due to this distance the system is moderately 
frustrated with a Curie- Weiss-temperature 9 of 190 K 
and an antiferromagnetic ordering below Tn 2 = 24.2 K. 
The magnetic tran sition leads to a slight distortion of 
the CrOe octahedr al 15 * 16 ! and an incommensurate proper 
screw magnetic structure.^ Specific heat measurements 
showed that there are actually two successive phase tran- 
sitions at T N1 = 23.6 K and T N2 = 24.2 KP At T N2 
a two-dimensional antiferromagnetic ordering was pro- 
posed and only below Tni three-dimensional magnetic 
ordering and the occurrence of multiferroicity sets inP^ 

Moreover, we investigated the triangular-lattice anti- 
ferromagnet a-CaCr 2 04, which has an orthorhombically 
distorted delafossite structure (space group Pmmrip^, 
where the Cr 3+ ions occupy two crystallographically in- 
equivalent positions [see Fig.JTJb) and (e)]. With a Curie- 
Weiss temperature of —564 K and a Neel temperature of 
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FIG. 1: (Color online) Crystal structures of (a) CuCr02, (b) a-CaC^O/t, and (c) ACT2O4 with A=Cd, Zn. In (d)-(f) we show 
the respective triangular planes and the pyrochlore lattice for these compounds. 



Tn = 42.6 K the system is clearly geometrically frustrated 
and exhibits a planar 120°-spin structure in the crystallo- 
graphic ac-plane! 21 * 22 ! Recent studies repor t multiferroic- 
ity (also in a-M Cr 2 4 M = Sr, BapEH an( j low-lying 
magnetic modes with a roton-like dispersion suggesting 
the presence of competing phases in a-CaC^C^pS The 
related compound a-SrCr 2 04 reportedly exhibits sim- 
ilar magnetic properties but is less distorted than a- 
CaCr 2 4 P 

The spinel systems CdCr204 and ZnCr204 with a 
pyrochlore lattice of magnetic Cr 3+ ions [see Fig. [TJc) 
and (f)] are considered as model systems to study 
the effects of geometric frustration of Heisenberg spins 
on the pyrochlore lattice. Further-neighbor exchange 
interactions^ and magneto-elastic coupling lead to 
magneto-structural transitiomP^H^kt Neel temperatures 
of 12.5 K and 7.8 K for ZnCr 2 4 and CdCr 2 4 , 
respectivel y^ 6 ! 37 !, while the respec tive C urie- Weiss tem- 
peratures are —390 K and —71 K. | 30 | 3S | The observation 
of magnetic excitations by neutron scattering which can 
be modelled by structure factors corresponding to a par- 
tition of the pyrochlore lattice into hexagonal loops or 
even heptamers^HSlhas contributed considerably to this 
paradigmatic status. A low-temperature optical absorp- 
tion spectrum of ZnCr 2 04 has been reported by Szym- 



czak et aZp^, where an exotic multiplet-sideband assigned 
to exciton-magnon-phonon processes has been observed. 
A clear suppression of this sideband has recently been 
reported in ultra-high magnetic fields up to 600 tP^I 

In this study we will focus on and compare the exciton- 
magnon transitions related to spin-forbidden CF excita- 
tions of the Cr 3+ ions with spin S = 3/2, which are in 
an octahedral environment in all considered compounds. 
We assign the magnon sidebands by comparison with 
available neutron scattering data and discuss their tem- 
perature dependence with respect to the structural and 
magnetic features associated with the effects of geometric 
spin frustration. 



II. EXPERIMENTAL DETAILS AND SAMPLE 
CHARACTERIZATIONS 

Single crystals of CuCr0 2 were prepared by flux- 
decomposition method using K 2 Cr 2 0y flux and CuO. 
The soaking temperature was 1150°C, the soaking time 
20 h and the cooling rate 2°C/h. Plate-like single- 
crystalline samples with dimension up to 5 x 5 x 0.7 mm 3 
were prepared. The grown single crystals were checked 
by x-ray diffraction and no impurity phases could be 
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FIG. 2: (Color online) Transmission spectra for a-CaCr204 (a), CuCr02 (b), and AC^CU with A=Cd (c), Zn (d) for several 
temperatures below and above the respective magnetic ordering temperatures. The lines are shifted for clarity. Up arrows 
mark the spin-forbidden transitions (shaded areas) already visible at room temperature and the asterisk in (a) an artifact due 
to the laser of the spectrometer. The insets in the top right corner of the frames are zooms into the lower energy absortion 
spectrum just above the magnetic ordering together with a fit to the data. Individual peaks are shown in green, while the sum 
is in red color. Frame (e) shows the transition scheme of a d 3 -ion in an octahedral crystal field Oh and the splitting due to the 
trigonal environment D^d and spin-orbit coupling (S.O.) following Ref. [44] . 



detected. The magnetic susceptibility of our samples 
(not shown) is in good agreement with literatur e! 18 ! 45 !. 
A Curie- Weiss fit to the data between 200 and 400 K 
results in a Curie- Weiss temperature of 178 K, slightly 
lower than the values measured by Kimura et aZM^ (211 K 
out of plane, 203 K in plane) from samples grown from 
Bi203 flux. Single crystals of a-CaCr204 were grown 
in a high temperature floating zone furnace as described 
elsewhere 4 ^. The cleaved platelet is about 100 microns 
thick with a diameter of 3 mm. High-quality platelike 
single crystals of CdCr204 and ZnCr204 were prepared 
as described in Ref. |37] and polished to optical quality. 
The optical transmission was measured using a Brukcr 
IFS 66v/S Fourier-transform spectrometer, which was 
equipped with a He-bath and a He-flow cryostat, in the 
frequency range 8500 - 25000 cm -1 and for temperatures 
from 5 - 500 K. 
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TABLE I: Energies of the transitions between the ti g levels 
for the different compounds in cm -1 obtained from a fit to 
the data just above the magnetic ordering temperature (see 
insets of Fig.(2|. 



III. EXPERIMENTAL RESULTS AND 
DISCUSSION 



A. Crystal-field splitting of Cr J+ 

In all systems investigated here the magnetic ions are 
Cr 3+ ions with 3d 3 electronic configuration surrounded 
by an octahedron of oxygen ions. In a perfect O/j sym- 
metry, this would result in the usual splitting according 
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FIG. 3: (Color online) Color coded contour plot of the absorption as a function of temperature vs. wave number in the range 
of excitation Rl (a), R2 (b), and R3 (c). The transition temperature is marked as a white line. The lower part of the figure 
[(d)-(f)] shows absorption spectra in the same range as the respective frame on top for various temperatures. The curves are 
shifted for clarity by a constant value of 0.03 (d), 0.05 (e), and 0.075 (f). Sidebands are marked by arrows together with the 
energy difference to Rl, R2 and R3, respectively. 



to the Tanabe-Sugano diagram for d 3 ioniP^ [see scheme 
in Fig. [2^e)]. However the symmetry for our compounds 
is rather trigonal T>3d, which leads to a further splitting 
of the excitations. Additionally, the modes are split by 
spin-orbit coupling. Wood et al\^ investigated the crys- 
tal field excitations in ZnA^CU and MgAl204 doped with 
Cr ions both theoretically and experimentally. The Cr 
ions in these spinels are in a similar environment as in 
our case and the 2 E g mode splits by a few cm -1 and 
the 2 T modes are split into three levels separated by a 
few 100 cm -1 . For ZnGa2C>4 doped with Cr the splitting 
of the 2 E g multiplet increases to 40 cm _1 S2l, showing the 
sensitivity to the local symmetry. The spin allowed states 
can also evolve into several modes, but do not involve 
spin-flips and exciton-magnon transitions and will only 
shortly be discussed. The modes are very sensitive to a 
change in the crystal-field which can be seen as a linear 
dependence in the Tanabe-Sugano diagram. Vibrations 
of the octahedron, therefore, lead to a strong broadening 
of the lines. The scheme of excitations including the low 
symmetry and spin-orbit splitting of the spin-forbidden 
modes is shown in Fig. p[e). 



The parity selection rule which forbids transitions be- 
tween the multiplet states in cubic symmetry can be re- 
leased by a static low-symmetry crystal field with odd- 
parity or a corresponding odd lattice vibration inducing 
a low-symmetry field. As a result even-parity states will 
be mixed with odd-parity contributions and nonvanish- 
ing matrix elements of the electric dipole moment will 
occur 

In addition, no such matrix elements for transitions to 
multiplet states with different spin multiplicities (spin- 
forbidden crystal field transitions) exist, but this spin- 
selection rule (AS'=0, 1) can be released by spin-orbit 
coupling. 

The NIR transmission spectra for all materials are 
shown in Fig. [2] The overall features are typical 
for Cr 3+ ions in an octahedral crystal field like, for 
example, in rubjEl One can see two strong spin- 
allowed crystal-field absorptions in all compounds at 
about 17000 enr 1 and about 22000 mr 1 corresponding 
to 4 A2 — > 4 T2 and A A 2 — > 4 Ti transitions, respectively, 
where one electron is excited from the t 2g to the e g lev- 
els. These energies correspond to a cubic crystal field 
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splitting lODq ss 17000 cm -1 and a Racah parameter 
B 465 cm -1 . A splitting of the spin-allowed transi- 
tions due a crystal field lower than cubic or spin-orbit 
coupling can not be resolved. 

The focus here is on the spin-forbidden transitions 
which are much weaker than the spin-allowed transi- 
tions. In cubic symmetry the spin-forbidden excitations 
4 A 2 -> 2 E, 4 A 2 -> 2 Ti and 4 A 2 -> 2 T 2 are expected 
and already at room temperature weaker modes (indi- 
cated by arrows in Fig. |2| are visible. Towards lower 
temperature these absorption features become narrower 
and more pronounced and just above the magnetic order- 
ing five distinct absorptions are identified in the region 
of the 4 A 2 -> 2 E, 4 A 2 -> 2 T X (see insets of Fig. [2j|. The 
energies of these are obtained by a fit and can be read off 
in Table [I] Even for the lower symmetry of a-CaCr204 
the fit works well with 5 Gaussians in this region. In the 
case of CdCr2C>4 an additional Gaussian was used to ac- 
count for the shoulder at the low-energy flank of the 2 E 
absorption region resulting in modes 1 and 1*. 



B. Exciton-magnon transitions 

Let us now turn to the spin-forbidden crystal field tran- 
sitions within the t 2 states, in particular the 4 A 2 —> 2 E 2 
and the 4 A 2 — > 2 T\ transitions. In the transmission spec- 
tra very sharp excitonic absorption features accompany- 
ing these transitions are already visible in Fig. [2] [e.g. 
the ones labelled Rl, R2, and R3 in Fig. [2](b)] at low- 
est temperatures. As proposed by Tanabe, Moriya, and 
Sugano such sidebands can occur when two ions on sites i 
and j are coupled antiferromagnetically and the electric- 
dipole moment of the incoming light couples an excited 
multiplet state of the ion at site i to the ground mul- 
tiplet state of the ion at In this so-called electric- 
dipole induced exciton-magnon process with a total spin 
change AS* = 0, the spin-forbidden multiplet transitions 
can exhibit cold and hot magnon sidebands on the high- 
and low-energy side of the so-called zero-magnon line, 
corresponding to the annihihilation and creation of a 
magnon, respectively^HUl This zero-magnon line identi- 
fies the purely excitonic crystal-field transition. Depend- 
ing on the complexity of the antiferromagnetic interac- 
tions and the spin configuration multi-magnon sidebands 
can be expected and have actually been observed in sev- 
eral compounds ! 57 l 58 l 

Moreover, the energy of the exciton-magnon sidebands 
with respect to the zero-magnon line should correspond 
to the magnon energy in regions of the Brillouin zone, 
where the dispersion is flat, i.e. where the magnon den- 
sity of states peaks. Thus, optical spectroscopy can 
provide information on the magnon energies in the flat- 
regions of the Brillouin zoneP^ Since short-range correla- 
tions are sufficient to make these transitions allowed, the 
persistence of non-trivial spin correlations in the classical 
spin-liquid phase of frustrated magnets can be tracked by 
optical spectroscopy. In the following we will discuss the 
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FIG. 4: (Color online) Fit parameters of exciton Rl (red) 
and R2 (black): (a) line width, (b) frequency and (c) intensity 
normalized to the value at 4 K. 



observed exciton-magnon transitions separately for each 
of the investigated compounds. 



1. CuCr0 2 

In the magnetically ordered state pronounced fine 
structures, named Rl, R2, and R3 in the following, ap- 
pear at the onset of the 4 A 2 — » 2 E, 4 A 2 — > 2 1\, and 
4 A 2 4 T 2 excitations below the magnetic ordering tem- 
perature [see Fig. |3ja)-(c)]. As the two transition tem- 
peratures lie very close together, in the following only 
Tni is used as T^. Similar features have been reported 
below the respective Neel temperatures in a variety of 
Cr based magnets and assigne d to p urely excitonic lines 
and exciton-magnon sideband d 12 * 42 *. In the following we 
will restrict the discussion on these fine structures and 
their temperature dependences which are summarized in 

Fig-H 

Zooming into the region of the fine structure close to 
the excitation Rl [Fig. |3ja) and (d)[ three absorption 
features can be clearly seen at low temperatures. The 
first peak is assigned to a zero-magnon-line correspond- 
ing to a purely excitonic transition. The two sidebands 
with an energy difference of +13 cm -1 and +40 cm -1 
with respect to the pure exciton line can be assigned to 
exciton-magn on sideb ands by comparison to recent neu- 
tron scattering^2162l and high-field ESR studiefP. The 
first sideband is very close in energy to the antiferro- 
magnetic resonance (AFMR) observed in finite magnetic 



6 





90 






-£= 


60 






g 
CD 


30 


C 










IS 
if 



19728 
19722 
19716 

0.9 
0.6 
0.3 
0.0 



I 1 

□ ( 
• ( 

" 1 

■ - - ./ 

- (a) 


1 ' 1 1 

lata 

Jata from Kajirr 
<TH NY-fit 
\rrhenius-fit 

i.i*. 


1 1 1 ' 1 ' 

— ja^ ~ 

loto ef ai.^& 

T N =23.6 K 
i.i.i, 








• (b) 
- i ■ 


1 1 1 1 
• 

T m =11 K 
1 , I , 


1 1 1 ' 1 1 

excitation R3 . 

- 








- (c) 
1 . 


1 1 1 1 
1,1, 


1 1 1 1 I 1 - 





CuCrO„ 

4 

o 
o 

2 >° 



■ ■ 


180 


=>' 






CD 




150 


S 

Q. 










120 


o~ 






3 



12 18 24 30 36 42 
temperature (K) 




12 18 24 30 
temperature (K) 



FIG. 5: (Color online) Fit parameters of exciton R3 (a) line width, (b) frequency and (c) intensity normalized to the value 
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the effective correlation length £ e ff from Ref. [59 . In panel (g) an absorption spectrum at T=18 K is shown together with a fit 
using two Gaussians. The two individual peaks are in green and the sum of both in red color. 



fields by Yamaguchi et af^. The sideband energy of 
+40 cm -1 is in agreement with reported magnon bands 
around 5 meV with a bandw idth o f about 1 meV in the 
vicinity of the zone boundar y^ 9 ! 60 !. 

Similarly, the fine structure related to R2 also exhibits 
two sidebands, one peaked at a distance of +56 mr 1 
from R2 with an additional shoulder and another weaker 
feature at a distance of +80.5 cm -1 [Fig. [3jb),(e)[. 
The latter energy can be associated with the predicted 
magnon energy at the zone-boundary arising due to an 
interlayer exchange coupling 19 , while the former can not 
be attributed to a single magnon branch, but corresponds 
to the energy range where overlapping magnon branches 
were reported.^ 

To analyze the temperature dependence of Rl and R2, 
we fitted the two lines with Gaussians after subtracting 
the background due to the spin- forbidden excitations by 
a polynomial fit to the data outside of the exciton range. 
The temperature dependence of the fit parameters can 
be seen in Fig. |4j Both, the position of the absorption 
maximum ujq [Fig. [5jb)[ and the intensity [Fig. [4jc)[ of 
the excitations Rl and R2, increase continuously towards 
lower temperatures reflecting the behavior of the sub- 
lattice magnetization in the magnetically ordered state. 
The line width (full width half maximum) of Rl nearly 
triples on rising temperature just before it vanishes while 
R2 shows a less pronounced broadening. This behavior 
is in agreement with the expected behavior for magnon 



sidebands in an antiferromagnetic system and we can not 
resolve any features related to frustration or short-range 
order. 

In contrast, the excitation R3 can be observed up to 
45 K (about twice Tn) as a strongly broadened feature in 
the absorption. In Fig. |3jc) and (f) one can see the ab- 
sorption spectrum around the excitation R3. It consists 
of a strong and sharp mode at 19730 cm -1 and a broad 
sideband feature at higher frequencies (+94.5 cm -1 from 
R3). We also fitted this range with two Gaussian lines 
for R3 and the broad sideband feature [see Fig. |HJg)]. 
The temperature dependence of the fit parameters are 
shown in Fig. [5] The magnetic ordering temperature 
shows up in the eigenfrequency cjrj [Fig. [5jb)[ as a kink, 
below which it increases to lower temperatures, reflect- 
ing the increase of an internal magnetic field. A similar 
behavior is observed for the intensity of R3 [Fig. [5jc)[, 
but its line width [Fig. [5ja)[ seems not to be influenced 
by the magnetic ordering at T^. Previous investigations 
of the line width of the 4 A 2 —> 2 T 2 absorption bands in 
the triangular lattice antiferromagnets LiCr02, VX 2 (X 
= CI, Br, I) and NaCrOj™^ have been interpreted in 
terms of the formation of Z 2 vortices i.e. the relax- 
ation time of the magnon sidebands is determined by the 
density of Z 2 vortices for all these compounds. 

This density of unbound Z 2 vortices should be in- 
versely proportional to the correlation length of two vor- 
tices £ given byUJ 
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£ = £o exp 



(T/T„ 



(1) 



Here T m corresponds to the melting temperature of 
the Z2 vortices, i.e. the energy scale to overcome the 
bound-vortex state, and a is a characteristic exponent. 
Using the values of effective correlation length £ e fj de- 
termined in neutron scattering measurements by Kaji- 
moto et alW [Fig. ga), green circles, right scale] we 
find a similar temperature dependence but a stronger in- 
crease than the line width of the excitation R3. More- 
over, recent electron spin resonance (ESR) studies re- 
ported values for T m and a for many compounds of the 
ACTO2 seriesJ^ESl The blue line in Fig. 5][a) shows a fit 
to our data using with the same values T m = 11 K, 
a = 0.37 as obtained in these ESR studies In addition, 
we use the parameter Aw m for residual line width at T m 
(Aoj m = 13.8 cm-\£ = 2.07 x 10~ 4 cm, b = 4.98). The 
data is well described for T > T m . Using an Arrhcnius 
law 



Alu = Acjq + B exp 



-E* 



(2) 



a similarly good fit can be obtained with a character- 
istic temperature E* = 69 K (B = 431 cm _1 ,Aw = 
11.7 cm -1 , red dashed line). This value is compa- 
rable to the predicted energy cost of the breaking of 
two Z2 vortices obtained by a Monte Carlo simulation 
1.52JS 2 = 48 KpSl Hence, we conclude that the tem- 
perature dependence of the lifetime of the transition R3 
is in agreement with the predicted existence of Z2 vor- 
tices in the triangular antiferromagnet CuCrC>2 . Interest- 
ingly, the broad sideband of R3 seems to exhibit a clear 
anomaly in line width and intensity at about the pro- 
posed melting transition T m = 11 K [Fig. |5jd) and (f)]. 
This could indicate that the lifetime of the sideband exci- 
tation is strongly reduced, when the vortices unbind and 
enhance the scattering rate for magnons. On the other 
hand, the eigenfrequency [Fig. [5je)] shows the same tem- 
perature dependence as the one of the zero-magnon line. 



2. a-CaCr 2 Oi 



low- and the high-energy side of Rl. Hot magnon side- 
bands appear as shoulders at a distance of —16 cm -1 and 
—30 mr 1 to Rl, while cold magnon sidebands are visible 
at a distance of +51 cm -1 , +78 cm -1 , and +120 cm -1 . 

A direct comparison with the magnetic excitation spec- 
tra determined by neutron scattering^ reveals a number 
of low-lying spin wave modes at roughly the same en- 
ergies. The excitation at —30 cm -1 corresponds to the 
interplane coupling of 3.5 meV. For all other modes direct 
correspondance can not be established, but soft magnetic 
modes are found between 2 meV (16 cm -1 ) and 15 meV 
(120 cm - 1 )E3 coinciding with the energies of the magnon 
sidebands. 

The 4 ^2 — > 2 T2 (R3) band only reveals the absorp- 
tion R3 at 19450 cnr 1 which broadens and seemingly 
disappears on approaching Tn from below, although a 
broad background contribution is still visible above the 
Neel temperature, which indicates the short-range order 
regime. 

Following the same procedure as in the case of 
CuCr02, we fit the absorption peaks Rl and R3 using 
Gaussian line shapes. The fit parameters are shown in 
Fig. [7] The excitation Rl can be followed up to 41 K. 
The eigenfrequency shows the typical increase to lower 
temperatures and, as expected, the line width increases 
strongly when approaching the magnetic ordering tem- 
perature from below. Notably, the intensity exhibits a 
broad maximum at around 30 K marked by an arrow 
in the figure, before it becomes nearly constant towards 
lowest temperatures. An anomaly below the Neel tem- 
perature at about 24 K has also been found by ESR mea- 
surement, recently,^ confirming the possible existence 
of a further energy scale in the system. The excitation 
R3 can be tracked as a very broad feature up to 70 K. 
The eigenfrequency is almost constant below Tn, but in- 
creases for T > Tn- The line width is slightly increasing 
on approaching Tn from below and shows a similar in- 
crease as the eigenfrequency above Tn- The intensity 
is decreasing with increasing temperature, showing the 
strongest decrease in the vicinity of Tn. Although an 
anomaly below the Neel temperature may exist in this 
compound, it seems that exciton-magnon excitations are 
more dominated by the antiferromagnetic phase transi- 
tion than by features associated with the existence of Z 2 
vortices. 



Analogously to the case of CuCr02 we concentrate on 
the onset of the 4 A 2 -> 2 E (Rl) and on the 4 A 2 -> 2 T 2 
(R3) bands. The corresponding absorption spectra are 
shown in Fig.[6jc) and (d) for several temperatures below 
and above the Neel temperature. The detailed temper- 
ature evolution is visualized in the color-coded plots in 
Fig.[6ja) and (b). In the case of the 4 A 2 — > 2 E region one 
can clearly recognize the emergence of a fine structure, 
which we assign again to exciton-magnon transitions. 
The most intense absorption at 13315 cm -1 (named Rl 
as in the case of CuCrO^) is identified as a purely exci- 
tonic line and several sidebands are visible both on the 



3. CdCr 2 4 and ZnCr 2 4 

The absorption spectra in the region of the spin- 
forbidden 4 A 2 -> 2 E and 4 A 2 -> 2 T X crystal-field ex- 
citations of CdCr204 and ZnCr204 are shown for several 
temperatures in Fig. [8ja) and (b) , respectively. The tem- 
perature evolution of the spectra in ZnCr204 is rather 
continuous and the broad absorption peaks sharpen with 
decreasing temperature as expected in case of phonon- 
assisted transitions. In addition, the smooth onsets of 
the transition bands sharpen up and below the magneto- 
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FIG. 6: (Color online) Color coded contour plot of the absorption as a function of temperature vs. wave number in the range 
of excitation 2 E (a) and 2 T^ (b). Tn is shown as a white line. The lower part of the figure (c), (d) shows absorption spectra in 
the same range as the respective frame on top for various temperatures. The curves are shifted for clarity by a constant value 
of 0.3 (c) and 0.5 (d). Sidebands are marked by arrows together with the energy difference to the excitonic line. 



structural transition the onset is edge-like and exhibits a 
very weak fine structure. The lowest-temperature spec- 
trum is shown in an enlarged scale in Fig. |9jb). This 
group of narrow excitonic lines (further zoomed in the 
gray inset) has previously been observed by Szymczak 
et al. and attributed to the Davydov splitting of the two 
lowest single-ion levels of the 2 E stated Interestingly 
very similar spectra have also been obtained and ana- 
lyzed for exchange-coupled Cr 3+ pairs in non-magnetic 
ZnGa2C>4p^ These authors identified the observed fine 
structure in terms of exciton-magnon processes and vi- 
bronic sidebands. Remarkably the obtained values for 
the exchange coupling constants in dilute systems are in 
very good agreement with the ones obtained for ZnCr204 
itself. 34 66 Above the magnetic ordering temperature this 
fine structure is smeared out. 

The rather broad absorption band at 15150 cm" 1 asso- 
ciated with A A2 g — > 2 T\ has been suggested to stem from 
an exciton-magnon-phonon (EMP) transition, 64 which 
has recently been reported to be suppressed in fields 
above 400 T.^l We traced its temperature evolution to 
temperatures above the CW temperature as shown in 
Fig.[8jh) and still observe a broad maximum at the high- 
est measured temperatures. This suggests that this ex- 
citation might not be governed by spin correlations, but 
rather correspond to a more conventional CF excitation. 

In the case of CdCr204 one can clearly see the emer- 
gence of two new modes Mo and M3 related to the 
A A 2 — > 2 E transition. In the magnetically ordered state 
the onset becomes very sharp and is governed by the 



sharp narrow mode Mo at 14125 cm -1 which we assign 
to the purely excitonic transition. In an enlarged scale 
[see Fig. [9](a)] shoulders are visible in the spectrum at a 
distance ±17(2) cm -1 from Mo. These sidebands can be 
attributed to a hot (M_i) and cold magnon (Mi) side- 
band. The magnetic excitation spectrum of CdC^CU 
has been studied by neutron scattering and spin wave ex- 
citations with energies m a =0.65meV (5.2 cm -1 ), nij, = 
2.3meV (18.6 cm -1 ) and m c = 4.7meV (37.9 cm -1 ) were 
reported at the wave vector (1,0.915,0) associated with 
the zone center of the incommensurate spin structure.^ 
We identify M±i within the experimental uncertainty 
with the magnon branch m;,, which reportedly is only 
slightly dispersive.^ In a high-field ESR study up to 
ten magnetic excitation modes have been observed and 
attributed to higher-harmonics of helical spin-resonance 
modest A recent analysis confirmed this idea and iden- 
tified the magnetic excitation spectrum as due to highly 
dispersive helimagnons! 6 ^ The excitation M3 occurs at a 
distance of +61.7 cm from the purely excitonic line Mo 
and can be understood in terms of a cold exciton-three- 
magnon transition, where all three magnon branches are 
involved as (m Q + im, + m c ) = 61.7 cm . 

Notably, both the one-magnon sidebands M±i and the 
excitonic mode M can not be detected above the mag- 
netic ordering temperature. However, the excitation M3 
remains clearly visible with increasing temperature and 
seems to persist up to the Curie- Weiss temperature of 
about 70 K, where the absorption spectrum seems to be- 
come plateau-like. This suggests that short-range helical 
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FIG. 7: (Color online) Fit parameters of exciton Rl (left side) and R3 (right side) (a),(d) line width, (b),(e) frequency and 
(c),(f) intensity, respectively. The arrow in (c) marks a maximum at 30 K. 



spin correlations may already exist throughout the clas- 
sical spin- liquid regime Tn < T < 0cw- 

A direct comparison of the two low-temperature ab- 
sorption spectra of CdCr204 and ZnCr204 is presented 
in Fig. [9jc), where the spectra are plotted vs. wave num- 
ber scaled to the respective onset wave number v$ of the 
exciton lines. In case of CdCr 2 04 v§ was defined as the 
purely excitonic line Mo and in case of ZnC^C^ the first 
peak of the fine structure at 13835 cm -1 was used. The 
absorption values are scaled in a way that the curves co- 
incide at the maximum of the absorption peak visible at 
v/vq = 1.05 for CdCr2C>4. In this scaling, even the low- 
energy flanks of the two curves coincide and the peak 
maximum in CdCr 2 04 corresponds to a clear shoulder in 
ZnCr2C>4. Moreover, the EMP feature in ZnCr204 seems 
to correspond to a shoulder in the spectrum of CdCr204 
[see shaded areas in Fig. |9jc)]. This shoulder is directly 
followed by the first spin-allowed crystal-field excitation 
in CdCr204. We propose that the occurrence of similar 
features in both compounds and their persistence to the 
highest studied temperatures (exceeding the respective 
Curie- Weiss transitions) again favors a structural origin 
of these excitations. Therefore, the reported suppression 
of the EMP peak above 400 T might be interpreted as 
a magnetic-field induced structural change! 4 ^ This scal- 
ing further suggests that the 4 A 2 — > 2 E and 4 A 2 — > 2 Ti 
regions are behaving differently in terms of relative in- 
tensities for the two compounds, i.e. the A A 2 — > 2 E and 
4 A 2 — > 2 Ti regions appear to be of comparable inten- 
sity in CdCr 2 04, while the 4 A 2 — »• 2 Ti region seems to 
have much higher intensity in ZnCr204. This might be 



related to the different structural distortions in the two 
systems in the magnetically ordered state. There is still 
a debat e with r espect to the exact symmetry of the two 
systems! 47 * 69 * 70 ! but a clear difference is that in ZnCr204 
the lattice contracts and in CdCr204 it elongates along 
the c-axis. This will certainly influence the transition 
probabilities and the intensities of the CF transitions. 



IV. SUMMARY 

In summary, we observed exciton-magnon transitions 
in the triangular-lattice antiferromagnets CuCr02 and 
a-CaCr2C>4 and in the spinel CdCr204. Some of the 
magnon sidebands in these three systems can be directly 
compared to the spin-wave dispersions reported by neu- 
tron scattering studies and reflect the respective complex 
magnetic structures: 

(i) In CuCr02 three sets of fine structures have been 
observed to emerge with lowering temperature. The first 
four of the related sideband energies of +13, +40, +56, 
+81, and +95 cm -1 are in agreement with magnon en- 
ergies observed by antiferromagnetic resonance and neu- 
tron scattering experiments, while for the last one no 
direct correspondence could be obtained. However, this 
magnon sideband at +95 cm" 1 from the purely excitonic 
feature R3 at 19730 cm -1 exhibits an anomaly in the 
temperature dependence of its line width and intensity 
at about 11 K. This temperature is in agreement with 
a reported estimate of a binding-unbinding transition of 
Z 2 vortices. Moreover, the temperature dependence of 
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FIG. 9: (Color online) Zoom into the lower energy part of the 
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the sideband at —30 cm -1 . The other modes can not 
be unambiguously assigned on the basis of the currently 
available neutron scattering data, but several low-lying 
magnon modes have been reported in a similar energy 
ranged 

(iii) In CdCr 2 04 magnon sidebands at ±17 and 
+61.7 cm -1 have been observed at lowest temperatures. 
The first magnon energy corresponds to a single magnon 
observed by neutron scattering and the second sideband 
can be understood as a three-magnon sideband, where 
all three spin-wave excitations observed by neutron scat- 
tering at 5.2, 18.6, and 37.9 cm -1 are participating. 
Moreover, the three-magnon sideband remains visible up 
to the Curie- Weiss temperature of about 70 K pointing 
to the formation of short-range helical spin correlations 
throughout the classical spin-liquid regime. 

However, in the spinel ZnCr204 only a weak fine struc- 
ture has been observed in agreement with a previous 
report. The temperature dependence of an absorption 
(EMP) reportedly associated with the magnetic struc- 
ture and suppressed in very high-magnetic fields suggests 
a primarily structural origin of this excitation in contrast 
to previous interpretations. 



the line width of the purely excitonic line R3 can be un- 
derstood by assuming that the magnon lifetime is deter- 
mined by the density of topologically protected Z 2 vor- 
tices. 

(ii) In a-CaCr204, several magnon sidebands at —16, 
—30, +51, +78, and +120 enr 1 have been observed. 
The interplane coupling of 3.5 meV corresponds well to 
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